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Edited by Hans-Dieter KlenkAbstract A phosphorothioate RNA aptamer (thioaptamer) tar-
geting the capsid protein of Venezuelan equine encephalitis virus
(VEEV) was isolated by in vitro combinatorial selection. The se-
lected thioaptamer had a strong binding aﬃnity (7 nM) and
high speciﬁcity for the target protein. For the binding to the pro-
tein, the overall tertiary structure of the thioaptamer is required.
We introduce two theoretical methods to examine the eﬀect of
phosphorothioate modiﬁcation on the enhancement of binding
aﬃnity and one experimental method to examine the nature of
the multiple bands of thioaptamer in a native gel.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Venezuelan equine encephalitis virus (VEEV) is a mosquito-
borne alphavirus responsible for periodic human and equine
epidemics throughout South and Central America [1]. The
enveloped icosahedral virus contains a messenger-sense, sin-
gle-stranded RNA genome [2]. The VEEV capsid plays a crit-
ical role in viral assembly by interacting viral genomic RNA to
form a nucleocapsid in the cytoplasm. Despite over 60 years of
research on VEEV, no therapeutic agents exist that block the
VEEV infective cycle [3]. Given its necessary role in VEEV
pathogenesis, the nucleocapsid is a promising target for antivi-
ral agents designed to interfere with virus assembly.
Combinatorial selection of oligonucleotide aptamers has
been used to develop potential drugs since its introduction
[4,5]. The principle of this technique is isolation of speciﬁc nu-
cleic acid sequences (aptamers) that bind to target molecules
from a large random combinatorial library. The selection in
this study was designed to modify every 5 0 of adenosine (A)
of RNA aptamers to phosphorothioate, since phosphorothio-
ate-substituted aptamers typically display an enhanced aﬃnity
to target molecules [6] and increased stability in biological mili-
eu [7]. Several RNA [8] and DNA [9,10] phosphorothioate*Corresponding author. Fax: +1 409 747 6850.
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doi:10.1016/j.febslet.2007.04.072aptamers (‘‘thioaptamers’’) have been isolated with these
advantages (for review see [11]).2. Materials and methods
2.1. Selection of RNA thioaptamers
The full-length VEEV capsid protein (residues 1–275) and an initial
RNA library was prepared as previously described [12]. The selection
strategy was based on modiﬁcations to previous methods [8,13].
Brieﬂy, the ﬁltered RNA library was incubated for 2 h with VEEV cap-
sid in 100 ll of binding buﬀer (PBS with 2 mM MgCl2) at 25 C. Pro-
tein-bound RNA was separated as described previously [9]. To increase
aptamer selectivity, later selection rounds included increasing concen-
trations of NaCl (<350 mM) in the binding buﬀer with incubation at
37 C. In later selection rounds, the binding reaction was diluted into
50 ml binding buﬀer and incubated overnight prior to ﬁltration to se-
lect thioaptamers that had lower oﬀ-rate constants, and thus higher
aﬃnities to the target for given on-rate constants. The RT-PCR condi-
tions followed the manufacturer’s protocol (Thermostable rTth Re-
verse Transcriptase RNA PCR kit, Perkin-Elmer, NJ) with 1 M
betaine, and 5% dimethyl sulfoxide added to prevent secondary struc-
ture formation [14].
2.2. Analysis of thioaptamer sequences
Multiple sequence alignment of thioaptamer candidates was con-
ducted using ClustalW 1.8 (http://searchlauncher.bmc.tmc.edu) with
10 and 5 for the gap opening and extension penalties, respectively. Pre-
diction of RNA secondary structure was conducted using mfold (ver-
sion 3.2) [15].
2.3. RNA biotinylation and EMSA
Preparation and biotinylation of RNA and electrophoretic mobility
shift assay (EMSA) were done as described previously [12]. A cooled
charge-coupled device (CCD) camera (Fluor Chem 8800 Imaging sys-
tem) purchased from Alpha Innotech (San Leandro, CA) was used for
image capture and measurement of chemiluminescence (CL) integrated
density value (IDV) (unless mentioned otherwise) [16]. Binding of the
RNA to the protein was assessed by measuring the decrease of CL
IDV of the unbound RNA as the protein was added to the reaction
mixture [12]. Curve ﬁttings of IDV data were conducted using Sigma-
Plot2001 (SPSS Inc., Chicago, IL).
2.4. RNA–RNA titration
Biotin-labeled thioaptamer 16_1 (0.2 nM) was mixed with variable
quantity of unlabeled 16_1 in 160 ll of the binding buﬀer. The mixture
was heated at 90 C for 5 min and slowly cooled to room temperature;
20 ll of the mixture was analyzed by CL EMSA.
2.5. Chemical footprinting
Chemical footprinting followed a previously reported method [17].
After 2 h incubation of 20 ll mixtures composed of 10 nM of 16_1
and variable quantity of VEEV capsid, 2.2 ll of 10 mM iodine solution
in ethanol was added to the mixture. After incubation for 1 min at
room temperature, the mixture was analyzed by 10% denaturingation of European Biochemical Societies.
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Pharmacia Biotech, England) for 10 s and developed by an X-ray ﬁlm
developer. RNA length was deduced using an equation,
d = a*logN + b, where d is migration distance, N is RNA length, a
and b are constants which were obtained from the mobility of 79-
mer and 61-mer RNA.
2.6. Speciﬁcity of thioaptamer 16_1
Biotin-labeled thioaptamer 16_1 (0.2 nM) was incubated with sev-
eral quantities of A2780 cell extract [18] for 2 h. CL was developed
as in Section 2.5. The protein content of the cell extract was measured
by Bradford method.3. Results
3.1. Selection of RNA thioaptamers
Among 23 independent sequences, two sequences (16_1 and
16_2) were observed in multiple clones (Table 1). These more
frequently selected sequences were chosen as thioaptamer can-
didates.
3.2. Sequence analysis selected thioaptamers
Clustering of adenosines in the variable region of both can-
didates was analyzed from the statistical thermodynamics
point of view. The nucleotide composition entropy (SC) can
be calculated from its statistical weight (W) [19]
SC ¼ k lnW ð1Þ
W ¼ N !
nA!nC!nG!nU!
ð2Þ
where k is Boltzmann constant (=1.380 · 1023 J K1), N is the
window size, 11 for 16_1 (residues from 14 to 24 of the variable
region) and ten for 16_2 (from 12 to 21), and ni is number of
nucleotide i in the window. SC of 16_1 and 16_2 in the regions
were calculated as 1.07 · 1022 J K1 and 1.30 · 1022 J K1,
which are less than that of a completely random sequence by
0.52 · 1022 J K1 for 16_1 and 0.12 · 1022 J K1 for 16_2,Table 1
Multiple sequence alignment of thioaptamer candidates
Name Sequence
7_2 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
13_A10 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_2 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_4 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_8 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_16 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_7 -CUGCCUACG-CCAUGCCCAGAACCCUCACGC-
16_5 -CUCCCUACG-CCAUGCCCAGAACCCUCACGC-
7_7 GGCCCUUGCGCCCACACGCAAACACCGCCC-
7_11 GGCCCUUGCGCCCACACGCAAACACCGCCC-
16_1 GGCCCUUGCGCCCACACGCAAACACCGCCC-
7_12 -CGCCAACCGACCGUCCCGACCGUCCGCCUC-
16_9 -CGCCAACCGACCGUCCCGACUGUCCGCCUC-
16_12 -UGCCCAGG-CCGCGGCCAUCACUACUACGCC-
13_A9 GCUCAGAUCCCCCCGCCCCGCUAUCCGCAC-
13_A11 -UCCUGUGCCCGGACCCUGUCCCCUGCUG-
16_6 -UGCCAA-GUCGGCUUCCAUCCACCACCCGAG-
16_15 -CCGACGGAAUUCCCGCUAGUUCCCCUGACC
7_14 -CCGACGAC-UGAUUAUUCCCCUGCCCCCA
16_14 -UCACACCACACGCUUCAUCCCCUGCAC-
7_6 -CACCUCACAACUUCGCACCUCAACCGUCUC-
7_9 -CCCUCAGCACUUGCUUGCCAGCGGACGCCA
7_10 AUGGCUUACAAGCCGCAGCUCUAUGUGGAC-
A, which is phosphorothioate, is in bold character.respectively. The corresponding free energy change at 295 K
is 9.2 kJ mol1 and 2.1 kJ mol1 for 16_1 and 16_2, respec-
tively.
3.3. Binding assay
To identify the best thioaptamer, target-binding aﬃnities of
the two candidates were examined by CL EMSA (Fig. 1) as CL
IDV was identiﬁed to be linearly proportional to the quantity
of samples [20]. The nature of the upper bands was identiﬁed
as dimeric forms of RNA (see below). In assessing binding
aﬃnity, the sum of the two bands (monomeric and dimeric
forms) was used for the concentration of unbound RNA.
Based on the titration, 16_1 was selected for further study.
Two things need to be noted. First, shifted bands were ob-
served with very weak intensity near the wells of the gel. It
could be due to the formation of large protein–RNA com-
plexes, which stay in the wells of the gel. Second, as the lack
of information on the binding mechanism, we used a simple
hyperbolic equation to describe the binding.
We also present a new concept, a selection–modiﬁcation cy-
cle, analogous to the thermodynamic cycle to examine the nat-
ure of the ‘‘thio’’ eﬀect, enhancing binding aﬃnity. This cycle
quantiﬁes binding aﬃnity change due to both selection andFig. 1. EMSA of thioaptamer candidates (A). M, D, and B represent
monomeric, dimeric and protein-bound RNA bands. Data ﬁtting were
shown in (B). Apparent dissociation constants were obtained as
7.1 ± 2.4 nM (R2: 0.87) for 16_1 (closed circle and solid line) and
34 ± 12 nM (R2: 0.93) for 16_2 (open circle and dotted line).
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dissociation constants of both forms of the initial library andFig. 2. Selection–modiﬁcation cycle. Apparent dissociation constants
of the initial library and aptamer 16_1 of unmodiﬁed (regular) and
modiﬁed (phosphorothioate) forms were compared. Fold of increase of
aﬃnity is shown at the arrow. P and T represent phosphate and
phosphorothioate forms, respectively. The values of initial library were
taken from a previous report [12].
Fig. 3. RNA–RNA titration. (A) EMSA of RNA–RNA titration. (B)
Relation between the total IDV and concentration of unlabeled RNA.
Eq. (3) is shown in a solid line. (C) The data were ﬁt to Eq. (5)
generating y = 1.78x  1.14 by linear regression.aptamer (Fig. 2). Selection did not greatly enhance the tar-
get-binding aﬃnity of the original RNA library. This may be
due to the promiscuity of the VEEV capsid in binding nucleic
acids as its primary role is condensing an RNA genome in a
viral particle, similar to histones in eukaryotic cells. However,
the thio modiﬁcation itself improved the binding aﬃnity signif-
icantly. Good agreement between the statistical thermody-
namic analysis (Section 3.2.) and experimental binding
results was identiﬁed from the selection–modiﬁcation cycle.
According to this statistical analysis, the potential enhance-
ment of binding free energy due to the clustering of phosp-
horothioate A was 9 kJ mol1. According to the titration,
the diﬀerence of protein binding aﬃnity between phosphate
and thio form of 16_1 is about 4 kJ mol1 at 295 K, which is
comparable to the theoretical value.
3.4. Dimerization of thioaptamer
The nature of two bands of 16_1 in a native gel (Fig. 1) was
examined by RNA–RNA titration (Fig. 3). With more unla-
beled thioaptamer, the intensity of the upper band increased
indicating that the upper band is a multimeric form. The rela-
tion between the total CL IDV and the unlabeled RNA con-
centration was well described by a hyperbolic equation
(R2 = 0.997),Fig. 4. Chemical footprinting of thioaptamer 16_1. (A) 10% denatur-
ing PAGE of 16_1 fragments. (B) Decrease of CL intensity was used as
a measure of protection due to the binding. 5 0, V, and 3 0 in the ﬁgure
represent residues from 4 to 23, from 37 to 47, and from 58 to 71,
respectively.
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where y is the total IDV and x is the concentration of the unla-
beled RNA in nM. From Eq. (3), it was deduced that the dimer
was 2.9 times more eﬀective than the monomer in the genera-
tion of CL. We do not have a deﬁnitive explanation for this
phenomenon. The RNA quantity in the gel can be expressed
as an equivalent of monomer concentration using Eq. (3).
Multimerization of the RNA thioaptamer was modeled in
the following way
nM $ C ð4Þ
where M and C are concentrations of monomeric and multi-
meric forms, and n is a stoichiometric constant. Using the mass
action law, the following relation was derived.
lnðT MÞ ¼ ln nK þ n lnM ð5Þ
where T and K are total concentration of RNA and association
constant of the mulimerization. By ﬁtting the data to Eq. (5)
(R2 = 0.945), n and K1 was obtained as 1.8 and 5.6 nM,
respectively. This result indicates that 16_1 exists in mono-
meric and dimeric forms.
3.5. Protein-binding sites in thioaptamer
Chemical footprinting was conducted to delineate VEEV
capsid binding sites on the thioaptamer. This phosphorothio-
ate diester bonds in the RNA backbone can be cleaved using
iodine–ethanol solution [17,21]. The thioated positions in
16_1 can be cleaved unless they are shielded by the protein
in chemical footprinting. According to the result (Fig. 4), theFig. 5. Predicted secondary structure of 16_1. Initial and lastfull-length thioaptamer structure (Fig. 5) including the PCR
primer regions is required for the binding to the protein.
3.6. Speciﬁcity of thioaptamer
For the assessment of speciﬁcity of the thioaptamer, binding
to human cellular extracts was examined (Fig. 6). According to
the result, speciﬁcity of the thioaptamer is between one hun-
dred and one thousand. Interestingly, shifted bands were ob-
served in the titration of the thioaptamer with the cellular
extracts. The responsible proteins were not identiﬁed.4. Discussion
Combinatorial selection of aptamers, a very promising and
eﬀective strategy for the development of potential drugs
[9,11,22], was employed to isolate RNA thioaptamers targeting
the VEEV capsid.
Selection of RNA thioaptamers resulted in a convergence of
sequences by round 16. It is noteworthy that the predominant,
multiply selected sequence (16_2) is not the best thioaptamer.
Instead, the other candidate (16_1) was identiﬁed as the best
thioaptamer with a higher aﬃnity than other RNA sequences
examined in this and our previous report [12] (Fig. 7). Accord-
ing to the mfold calculation, the free energy of secondary struc-
ture formation in the variable region of 16_1 and 16_2 is
20.6 kJ/mol and 3.4 kJ/mol, respectively. The more stable
stem-loop structure in 16_1 may cause lower eﬃciency in
PCR ampliﬁcation due to secondary structure interference
[14]. This suggests the frequency of a sequence is determinednucleotides of the variable region are marked by arrows.
Fig. 6. Speciﬁcity of thioaptamer. (A) Binding of 16_1 to the VEEV
capsid and A2780 cell extract. (B) The quantity of unbound RNA was
used in the assessment of binding. The error bar represents standard
deviation of duplicative binding assay.
Fig. 7. Summary of binding aﬃnities of several RNA to the VEEV
capsid. The values were normalized to binding aﬃnity of 16_1. T and P
indicate phosphorothioate and regular phosphate form. 4C means
binding at 4 C. The data of Lys-tRNA and Phe-tRNA were taken
from a previous report [12]. The data of P-16_1 (4 C), T-16_1 (4C), P-
16_1 are not shown.
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ampliﬁcation eﬃciency.
The thioaptamer 16_1 has signiﬁcant speciﬁcity to the target
protein. Chemical footprinting elucidated that the overallstructure of the thioaptamer was required for the binding to
the VEEV capsid. The multiplicity of the thioaptamer bands
in a native gel was identiﬁed due to reversible dimerization
of the thioaptamer by CL EMSA. This method is expected
to be widely used for the study of aptamers with multimeric
forms (for example, [23]).
There are several reports of thioaptamer selection [11], but
there is no systematic analysis of the ‘‘thio’’ eﬀect enhancing
protein-binding aﬃnity. In this study, the eﬀect was analyzed
for the ﬁrst time in terms of statistical thermodynamics in con-
junction with the selection–modiﬁcation cycle. The theoretical
analysis was in good agreement with the experimental result
suggesting the potential utility of this type of statistical analy-
sis.
Acknowledgements: This work was supported by grants from the US
Edgewood Chemical Biological Center (W911 SR-04-C-0065), NIH
(Grants AI27744 and U01 AI054827), NHLBI (Grant
N01HV28184), and the Welch Foundation (Grant H1296).References
[1] Markoﬀ, L. (2000) Alphaviruses in: Principles and Practice of
Infectious Diseases (Mandell, G.L., Bennett, J.E. and Dolin, R.,
Eds.), pp. 1703–1708, Churchill Livingstone, PA.
[2] Paredes, A., Alwell-Warda, K., Weaver, S.C., Chiu, W. and
Watowich, S.J. (2001) Venezuelan equine encephalomyelitis virus
structure and its divergence from old world alphaviruses. J. Virol.
75, 9532–9537.
[3] Weaver, S.C., Ferro, C., Barrera, R., Boshell, J. and Navarro, J-
C. (2004) Venezuelan equine encephalitis. Annu. Rev. Entmol. 49,
147–174.
[4] Tuerk, C. and Gold, L. (1990) Systematic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage T4 DNA
ploymerase. Science 249, 505–510.
[5] Ellington, A.D. and Szostak, J.W. (1990) In vitro selection of
RNA molecules that bind speciﬁc ligands. Nature 346, 818–822.
[6] Milligan, J.F. and Uhlenbeck, O.C. (1989) Determination of
RNA–protein contacts using thiophosphate substitutions. Bio-
chemistry 28, 2849–2855.
[7] Eckstein, F. (2000) Phosphorothioate oligodeoxynucleotides:
what is their origin and what is unique about them? Antisense
Nucl. Acid Drug Dev. 10, 117–121.
[8] Jhaveri, S., Olwin, B. and Ellington, A.D. (1998) In vitro selection
of phosphorothiolated aptamers. Bioorg. Med. Chem. Lett. 8,
2285–2290.
[9] King, D.J., Ventura, D.A., Brasier, A.R. and Gorenstein, D.G.
(1998) Novel combinatorial selection of phosphorothioate oligo-
nucleotide aptamers. Biochemistry 37, 16489–16493.
[10] King, D.J., Bassett, S.E., Li, X., Fennewald, S.A., Herzog, N.K.,
Luxon, B.A., Shope, R. and Gorenstein, D.G. (2002) Combina-
torial selection and binding of phosphorothioate aptamers
targeting human NF-kappa B RelA (p65) and p50. Biochemistry
41, 9696–9706.
[11] Yang, X. and Gorenstein, D.G. (2004) Progress in thioaptamer
development. Curr. Drug Targets 5, 705–715.
[12] Kang, J., Lee, M.S., Watowich, S.J. and Gorenstein, D.G. (2006)
Chemiluminescence-based electrophoretic mobility shift assay of
RNA-protein interactions: Application to binding of viral capsid
proteins to RNA. J. Virol. Methods 131, 155–159.
[13] Conrad, R.C., Bruck, F., Bell, S. and Ellington, A.D. (1998) In
vitro selection of nucleic acid ligands in: RNA: Protein Interac-
tions (Smith, C.W.J., Ed.), Oxford University Press, New York,
NY.
[14] Kang, J., Lee, M.S. and Gorenstein, D.G. (2005) The enhance-
ment of PCR ampliﬁcation of a random sequence DNA library by
DMSO and betaine: application to in vitro combinatorial
selection of aptamers. J. Biochem. Biophys. Methods 64, 147–151.
[15] Zuker, M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31, 3406–3415.
2502 J. Kang et al. / FEBS Letters 581 (2007) 2497–2502[16] Kang, J. (2007) Application of a cooled charge-coupled device
(CCD) camera for the detection of chemiluminescence signal.
Biologicals, doi:10.1016/j.biologicals.2006.09.002.
[17] Alexeeva, E.V., Shpanchenko, O.V., Dontsova, O.A., Bogdanov,
A.A. and Nierhaus, K.H. (1996) Interaction of mRNA with the
Escherichia coli ribosome: accessibility of phosphorothioate-
containing mRNA bound to ribosome for iodine cleavage.
Nucleic Acids Res. 24, 2228–2235.
[18] Boldogh, I., Roy, G., Lee, M.S., Bacsi, A., Hazra, T.K., Bhakat,
K.K., Das, G.C. and Mitra, S. (2003) Reduced DNA double
strand breaks in chlorambucil resistant cells are related to high
DNA-Pkcs activity and low oxidative stress. Toxicology 193, 137–
152.[19] Craig, N.C. (1992) Entropy Analysis: An Introduction to Chem-
ical Thermodynamics, VCH Publishers Inc., New York, NY.
[20] Kang, J., Lee, M.S. and Gorenstein, D.G. (2005) Quantitative
analysis of chemiluminescence signals using a cooled charge-
coupled device camera. Anal. Biochem. 345, 66–71.
[21] Valadkhan, S. and Manley, J.L. (2001) Splicing-related catalysis
by protein-free snRNAs. Nature 413, 701–707.
[22] Burgstaller, P., Jenne, A. and Blind, M. (2002) Aptamers and
aptazymes: accelerating small molecule drug discovery. Curr.
Opin. Drug Discov. Devel. 5, 690–700.
[23] Bryant, K.F., Cox, J.C., Wang, H., Hogle, J.M., Ellington, A.D.
and Coen, D.M. (2005) Binding of herpes simplex virus-1 US11 to
speciﬁc RNA sequences. Nucleic Acids Res. 33, 6090–6100.
